We report resistivity measurements performed on a high quality single crystal of CePd 2 Si 2 under hydrostatic pressure. At ambient pressure the de Haas van Alphen effect has been also studied. Two different frequencies with weak angular dependence were detected with magnetic field lying in the basal plane, while another frequency was found with magnetic field parallel to the tetragonal c axis. Near the critical pressure, P c t27 kbar, where the antiferromagnetic transition vanishes, the normal state resistivity does not follow the usual Fermi-liquid (FL) behavior and is described by a T 1.3 law, while just below P c , the resistivity shows clearly separated spin wave and electron electron contributions. At P c , the FL form of \(T) is not restored even at magnetic field up to 6 T. The first appearance of superconductivity is observed at P=19 kbar, and the critical temperature increases with pressure up to 27 kbar. The analysis of the upper critical field at P c shows that the superconducting state is well described by a weak coupling, clean limit model with a slightly anisotropic orbital limit and a strongly anisotropic paramagnetic one.
INTRODUCTION
During the last decade, the appearance of superconductivity (SC) in heavy fermion (HF) systems near the quantum critical point (QCP), where the Ne el temperature, T N , is suppressed to zero, became the rule rather than an exception. Such an emergence of SC has been observed notably in CeCu 2 Ge 2 , 1 CeRh 2 Si 2 , 2 CeIn 3 , 3, 4 and CePd 2 Si 2 . 3 7 All these compounds, being antiferromagnetic (AF) under normal conditions, were driven to the QCP by the application of hydrostatic pressure.
In all these materials, SC develops near the critical pressure, P c , where the magnetic transition temperature, T N , vanishes, however the pressure range of SC existence varies for different compounds. In CeRh 2 Si 2 and CeIn 3 it exists only in a small range around the critical pressure, while in CeCu 2 Ge 2 , SC was found over a wide pressure range, and in CePd 2 Si 2 this question is not yet clear (see below). Close to the critical point, the magnetic fluctuations become strong, and it has been suggested 8 that SC is due to magnetism rather than the usual phonon mechanism. However, such an unconventional SC state may exist only in very pure samples. Probably, it is this restriction which explains why until very recently SC in CePd 2 Si 2 was observed by only one group in Cambridge, 3 5 in spite of several experimental efforts.
9, 10 The existence of SC in this system has been confirmed by Raymond and Jaccard, 6, 7 though the SC transition they observed was not complete but appeared as a 10 to 400 drop of resistivity. This group performed their measurements in a Bridgman type pressure cell, whereas in Cambridge the experiment was carried out in a piston-cylinder type cell. Some of the results obtained by these two teams are considerably different, with the main disagreement being the pressure range of SC existence. Whereas in Ref. 4 SC was observed only in a relatively small range around the QCP, i.e., from 22 to 31 kbar, in Ref. 6 traces of SC transition were found up to a pressure of about 70 kbar.
This situation in CePd 2 Si 2 motivated us to perform yet another set of resistivity measurements on a sample quite similar to that described in Ref. 6 , but using almost the same high pressure technique as the Cambridge group. With our pressure cell we are limited to about 27 kbar so we do not try to give a definite answer about the pressure range of SC existence. However, since the cell is made of non magnetic materials, it allows measurements the upper critical field, and thus we can shed some light on the microscopic parameters and origin of this superconducting state.
EXPERIMENTAL DETAILS
We performed our experiment on a single crystal obtained from a platelet for which details of preparation and characterization are given in Ref. 7 . The sample dimensions are 630_150_70 +m 3 , with its a and c axis parallel to its length and width respectively. The sample resistance was measured by a standard AC technique with a lock-in detection, and the error of resistivity values does not exceed 10 0. The measuring current of 30 +A at a frequency of 11 Hz was applied along the length of the sample, i.e., perpendicular to the c axis. First of all, the sample resistivity was measured at ambient pressure and showed a residual resistivity ratio as high as 45 with the residual resistivity being of the order of 1 +0 cm. The AF transition marked by a kink in the resistivity curve was found at T N =10.5 K.
At ambient pressure, we have also investigated the quantum-oscillatory magnetization, or the de Haas van Alphen effect, with applied magnetic fields B in both the basal and in (a c) planes. The experiments were performed using a cantilever beam torquemeter 11 in a 3 HeÂ 4 He dilution cryostat with a base temperature of 35 mK and under magnetic field up to 16T.
The sample was then installed in a piston-cylinder type pressure cell with its (a, c) plane perpendicular to the cell axis. An organic liquid was used as a pressure transmitting medium. At room temperature the pressure was measured by the resistivity of a manganin wire, and at low temperatures, by measuring the SC critical temperature of tin which provides a precision of 0.1 kbar. The measurements up to 14.5 kbar were performed in a 4 He cryostat down 1.2 K, and from 17 kbar (the next pressure point) up to the highest pressure of this study in a 3 HeÂ 4 He dilution refrigerator equipped with either a SC magnet to apply fields up to 8T parallel to the cell axis, or a 4T transversal field magnet, which allowed to tilt the field in the (a, c) plane of the sample. In order to check weather the sample was superconducting or not, measurements at 17 and then 19 kbar were done immediately after the ambient pressure point. After that, the pressure was decreased to 3.4 kbar, and, from that moment on, the measurements were done upon continuously increasing the pressure. At 26.7 kbar, both temperature and magnetic field sweeps were performed to determine the upper critical field, and the SC critical temperature was always determined by the transition midpoint.
RESULTS AND DISCUSSION
The de Haas van Alphen Effect at Ambient Pressure Figure 1 shows the oscillation spectra of the torque signal observed for the magnetic field applied parallel to the crystallographic c axis. It reveals unambiguously a frequency of 2500T. The temperature dependence of the quantum oscillation amplitude follows the Lifshitz Kosevich temperature damping factor and is shown in the inset. From this dependence one can extract the effective mass. For this frequency m* was found to be (14\1) m e . Unfortunately, the very high background signal did not allow to detect oscillations at other orientations of the magnetic field in the (a c) plane.
With the magnetic field applied in the basal plane, two sheets of the Fermi surface, denoted here : and ;, have been clearly observed at T= 35 mK. However, the weak amplitude of the oscillations allowed the determination of the effective mass for only one particular orientation of the magnetic field for each sheet. All the results are given in Table I .
The : frequency lies between 670 and 920T. This frequency was not observed for the magnetic field parallel to the symmetry (100) axis. The ; frequency, which was not observed at (110) direction, lies between 3.3 and 3.6 kT. The effective mass associated with this frequency is somewhat higher than that corresponding to the : orbit. All the detected frequencies are in a good agreement with the recent theoretical band structure calculations performed by Harima, 12 which reveal one electron and two hole sheets of the Fermi surface for this compound. The frequencies we saw in our experiments apparently correspond to the electron one. The observation of moderate masses is consistent with a relatively low (for this class of systems) Sommerfeld coefficient of the specific heat, #t100 mJÂmol K 2 extrapolated from the paramagnetic regime. 13 The rough uniformity of the masses is also in agreement with the results for the isostructural antiferromagnetic compound URu 2 Si 2 14 that has comparable # and T N values. However, the estimation based upon the observed frequencies and effective masses yields a contribution to the linear heat capacity that does not exceed 30 0 of #. Thus, the major and thermodynamically more important sheets of the Fermi surface of this material remain unobserved. Figure 2 shows the P T phase diagram compared with that reported in Refs. 4 and 7. The AF transition manifests itself by a clear kink on the \(T ) curves as shown in the inset for several given pressures. While the difference between our results and those reported in Ref. 4 is quite small and could be explained by a small difference in the sample quality, the disagreement with Ref. 7 for a sample cut from the same platelet is rather remarkable (see Fig. 2 ). We find T N decreases much faster, and the extrapolation of the experimental points to zero yields P c of about 27 kbar. The discrepancy in the results could be due to differences between the two samples. However, it is more likely to be explained by the homogeneity of high pressure, as pressure gradients and uniaxial stresses are known to be much stronger in a Bridgman type cell than in a piston-cylinder one. The uniaxial stress dependence of the AF transition temperature has been estimated by van Dijk et al. 15 The authors applied the Ehrenfest relation to the measured anomalies in the coefficient of thermal expansion combined with the jump in the specific heat. The found values are dT N Âdp a = &83 mKÂ kbar and dT N Âdp c =84 mKÂkbar. From the fact that these two derivatives have opposite signs, it follows that if the uniaxial stress is higher along one crystallographic direction of the sample the measured AF transition temperature will appear either higher or lower than that obtained in pure hydrostatic conditions. Thus if in Ref. 7 strong uniaxial stresses occur along the c axis of the sample (which is quite possible as the c axis was parallel 7 and in an another piston-cylinder type cell. 4 Both the antiferromagnetic transition temperature, T N , and the superconducting one multiplied by a factor of 5, 5T c , are shown. T c is determined by the transition onset here. For our data, the error bars on T N are less than the symbol size. Solid lines are a guide for the eye only. The inset shows several examples of the resistivity versus temperature curves, where the kink corresponds to the antiferromagnetic transition.
The Pressure Temperature Phase Diagram
to the cell axis), it accounts for the higher values of the Ne el temperature and thus larger pressure range of AF existence. Besides that, the pressure gradients broaden both magnetic and SC transitions. That is why while in Ref. 7 the lowest reported T N under pressure is of about 6 K and has a big error bar, we can clearly see the transition up to 24.5 kbar where it occurs at 2.4 K.
The Normal State Resistivity
The change in the normal state resistivity behavior when crossing the QCP is dramatic, as shown on Fig. 3 . At P=24.5 kbar, i.e., just below P c , an attempt to fit \(T )=\ 0 +AT : for T c <T<T N yields :=2.21\0.01. The effective exponent, being higher than 2, points to a presence of an additional contribution besides that of the usual FL T 2 -term. It is most Fig. 3 . Temperature dependence of the resistivity, \, just below and at the quantum critical point. Note that just below P c , at 24.5 kbar, both antiferromagnetic and superconducting transitions are visible on the curve. The dashed line is the fit to Eq. (1) (see text). The inset shows log log plot of \ versus T in a large temperature range at P c =26.7 kbar and zero magnetic field. Here the dashed line corresponds to 2\ B T 1.3 . natural to expect this additional contribution to be due to AF gapped spin waves. In such case, the resistivity should be described by the following formula:
where the first two terms correspond to the FL contribution of heavy electrons, and the last one to that of AF gapped spin waves with 2 being the value of the spin gap. The best fitting to (1) 
are also limited by the SC transition temperature. This does not allow for a very precise determination of 2 and B. Nonetheless, the values of \ 0 and A do not change within the error bar with the temperature range reduction. Our fit result could be compared to that of Ref. 6 for a close pressure point of 25 kbar. In Ref. 6 , the fitting parameters were found to be \ 0 =2.297 (0.002) +0 cm, A=0.102 (0.001) +0 cmÂK 2 , B=0.93 (0.07) 0 cmÂK and 2=14.6 (0.6) K. The difference in the residual resistivity values is apparently related to the difference in the sample quality, and the considerable disagreement found for both B and 2 might be rather artificial due to a quite different temperature range of the fit here and in Ref. 6 , where at this pressure T N is still high, i.e., 9.45 K. However, it seems that the most important result of this comparison is a very good agreement of the T 2 coefficient, as it reflects the quasiparticle effective mass.
At the critical pressure, P c =26.7 kbar, the resistivity follows a T
1.3
-law up to T t40 K (see the inset). A similar unusual behavior, 2\tT
1.2 , near the QCP is reported by Grosche et al. 17, 18 A large crossover regime down to T Ä 0 is expected at the QCP within the self-consistent spin fluctuation theory. 19, 20 In Ref. 20 at the QCP, for a pure system (\ 0 =0) a T 3Â2 variation of the resistivity is predicted. The temperature range, T<T I , 20 of the observation of the usual T 2 FL contribution vanishes at this point. As the system moves from the QCP (P>P c ), the T 2 term appears below T I B (P&P c ). However, in order to understand the anomalous exponent : (1 : 1.5), characterizing the temperature dependence of resistivity, as well as its large temperature range of observation, one should take disorder into account. 21 According to Ref. 21 , disorder changes the weight of hot spots scattering, i.e., that from the parts of the Fermi surface, connected by the AF wavevector, Q. In this case, the crossover regime characterized by the unusual exponent can be observed over a large temperature range, depending upon the amount of disorder.
When a magnetic field, B, is applied, one may expect the system to move rapidly from the QCP, since in usual antiferromagnets T N decreases with magnetic field. This``field'' departure from the QCP must lead to the recovery of the FL temperature dependence of \. As shown on Fig. 4 , even at B=6T, the quadratic behavior is not yet restored, and the resistivity follows a T 1.4 law. The behavior of T I under magnetic field may depend on intrinsic fine electronic and magnetic structures as well as on the field decoupling of the disorder, \ 0 (B). An excellent example of this complex problem is the apparently conflicting data obtained on CeNi 2 Ge 2 (P c t0), where in Ref. 22 the FL behavior is not observed even at 16T, while in a recent work, 23 the T 2 law of \ is found already at 2T. 
The Superconductivity
As regards SC, its first trace was observed already at 19 kbar, while no signature of SC was seen at 17.4 kbar down to 60 mK, as shown in Fig. 5 . At 19 kbar, starting from 180 mK the resistivity began to decrease rather rapidly and dropped by 300 down to 50 mK, meaning that at this pressure the transition is very broad. At pressures higher than 19 kbar, the broadening of the transition cannot be simply explained by the pressure gradients present in the cell. Indeed, with the estimated derivative of dT C ÂdP t28 mKÂkbar, such a broadening would require gradients as strong as at least several kilobars, compared to less than 0.2 kbar experimentally observed here. This points to another physical reason that must be involved in the transition broadening. The same conclusion was also drawn in Ref. 7 , where at P=41 kbar, the transition width was found to be 150 mK, which is twice the width possibly produced by the pressure gradients evaluated from the lead manometer. However, if indeed the SC is related to the disappearance of the antiferromagnetism, i.e., each value of the T N (P) corresponds to a particular value of T C (P), the pressure inhomogeneity leads also to an additional broadening of the SC transition, and even incomplete achievement. Moreover, the uniaxial stresses, which are presumably responsible for the higher values of T N found in Ref. 7 , would, therefore, lead also to a larger pressure interval of SC existence. Alternatively, the transition broadening at pressures where SC emerges may reflect a high sensitivity of the pair-breaking to a competition between different characteristic scales (SC coherence length, magnetic coherence length and electronic mean free path) and related unusual dependence of the critical current. A new generation of experiments must be performed to clarify these points. With increasing pressure, the transition moves to higher temperature and becomes much sharper, reaching T c =395 mK with a width (10 90 0) of 20 mK at P=26.7 kbar (see Fig. 5 ). We have already mentioned above that our high pressure technique is limited to about 27 kbar, so we cannot determine the range of existence of SC. Instead, we have concentrated on the temperature dependence of the upper critical field, H c2 , at this critical pressure.
The Upper Critical Field at P c Figure 6 shows the upper critical field measured for both principal orientations of the magnetic field. The values of the H c2 initial slope, which are &12.7 TÂK and &16 TÂK for the magnetic field applied along a and c axis respectively, are very high taking into account T c and high residual resistivity ratio. The value of ( H c2 Â T ) T c = &13 TÂK found for HÂÂc in Ref. 6 is rather close to our result. However, the initial slope of about &6 TÂK given in Ref. 4 is much lower than that found here, even though the authors do not mention the orientation of the magnetic field in their experiments. The very low residual resistivity found here, \ 0 t1 +0 cm, corresponds in the conventional analyses to an electron mean free path of the order of 1000 A 1 . An upper limit of the superconducting coherence length, ! 0 , can be estimated from the upper critical field at low temperature, which provides the values of about 300 and 230 A 1 for the magnetic field parallel to the a and c axis respectively. Thus, this compound is close to the clean limit, as found for other HF systems, such as UPt 3 , 24 UBe 13 , 25 and URu 2 Si 2 .
26 In the clean limit, the initial slope of H c2 normalized to T c is inversely proportional to the square of the Fermi velocity, v F , and our results, therefore, confirm the HF origin of SC on one hand, and point to a small anisotropy of the Fermi velocity on the other hand, v F being slightly higher in the basal plane. This is compatible with the results of the de Haas van Alphen effect measurements at ambient pressure described above. Observed oscillatory frequencies and effective masses also reveal a small anisotropy of the averaged Fermi velocity, with again v F slightly higher in the basal than in the (a, c) plane. However, this comparison should be treated with some caution as the de Haas van Alphen experiments allowed to observe only a small part of the Fermi surface. This weak anisotropy of the initial slope of H c2 can be compared to that in CeCu 2 Si 2 , which already at ambient pressure, is very close to the QCP. In that case, the initial slope is also slightly anisotropic, being somewhat higher for HÂÂa.
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We have tried to fit the H c2 curves both with strong and weak coupling models in the framework of normal s-wave SC. The weak coupling one provides quite good results, which are shown in Fig. 6 as full lines. In this model, once the initial slope is fixed, there is only one fitting parameter, namely the gyromagnetic ratio, g, which controls the Pauli limit. The values of the g-factor obtained from this fit were found to be 1.82 and 0.92 for the field parallel to a and c axis respectively. It is, however, difficult to distinguish between the weak and strong coupling models, as the later one also provides a good fit (not shown in Fig. 6 for clarity) . In this later model, there are additional fitting parameters, namely the strong coupling parameter, *, and the Coulomb repulsion parameter, +*. In the absence of microscopic information, +* has been fixed to a standard value ( +*t0.1), and * to a moderate value of 1.5. No sign of very strong coupling effects appear on H c2 that would justify (like in UBe 13 28 ) the use of a large value of *. This situation is again rather similar to that found in CeCu 2 Si 2 , where the strong coupling parameter appeared to be about 1. The anisotropy of the g-factor obtained from this fit (g=4.6 for HÂÂa, g=2.35 for HÂÂc) is very close to that found in the weak coupling model, although the absolute value of g for the magnetic field applied along the a axis is unlikely. This large anisotropy of the g-factor deduced from the Pauli limitation of H c2 might be indeed related to an anisotropic Pauli susceptibility of the conduction electrons. This cannot be excluded due to their strong f-character. Note that in the AF ordered state, the easy magnetization axis is along the [110] direction, which is compatible with a g-factor smaller along the c axis than in the basal plane. However, the measurements of the DC susceptibility at ambient pressure, 15 show a weak magnetic anisotropy between c and a axis. The occurrence of a drastic change of the g-factor anisotropy with pressure is very unlikely. An appealing solution is an unconventional pairing (d or p wave). A well known example for HF systems is the link between the odd parity SC state of UPt 3 and its unusual anisotropy of the temperature dependence of H c2 . 24 There is clearly a need here for an analysis of H c2 in the framework of unconventional SC with different choice of the order parameter outside of the classical s-wave model.
The apparent absence of the very strong coupling in CePd 2 Si 2 supports the idea that the key parameter governing the pairing mechanism is the ratio of T c and the effective Fermi temperature T F , which scales roughly with the Kondo temperature (T K t10 K 29, 30 ). Of course, the characteristic spin fluctuation temperature T SF will collapse at the critical pressure, but the damping rates of the quasiparticles with energy of the order of T c is still much smaller than T c itself. In the opposite case of UBe 13 where very strong coupling effects are observed, 28, 31 the situation is quite contrary, as T K is comparable to T c .
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CONCLUSION
In conclusion, our results confirm the emergence of SC near the QCP in CePd 2 Si 2 . At this point the behavior of normal state resistivity changes dramatically. Below P c , the resistivity law is simply the sum of Fermi liquid T 2 term and spin wave contribution. By contrast just above P c , it follows a T 1.3 law instead of the usual FL (quadratic) form, which is not recovered even at high magnetic field. This unusual behavior points strongly to the importance of spin fluctuations near the critical pressure. High values of the initial slope of H c2 found at P c suggest that the SC pairs are formed by heavy particles. The analyses of the upper critical field in clean limit model, suggests the absence of the very strong coupling effects. The anisotropy of the orbital limit turns out to be rather small, while that of the Pauli paramagnetic limit is found to be considerably larger than that reported in bulk susceptibility measurements at ambient pressure. Theoretical and experimental developments are needed to go further in understanding of this SC state.
